The very young and very old are at increased risk of serious infections, including 25 pneumonia. This may relate to changes in the immune system as young children have 26 limited immunological memory, while immunosenescence, inflammaging and a decreased 27 pool of naïve immune cells are described with advanced age. How the immune system 28 changes with age at mucosal surfaces, from where infections frequently develop, is not 29 very clear as access to human tissue samples is limited. Therefore, we aimed to assess 30 the composition and activation state of the immune system at the human mucosa. Here, 31 we profiled nasal immune cells from 207 individuals between 1 to 80 years old using flow 32 cytometry. Neutrophil and monocyte functionality were measured using whole blood 33 assays. Levels of thirty nasal cytokines were measured from nasal lining fluid.
Introduction 62
Pneumonia is the most common infectious cause of death in children under 5 worldwide 63 (1). Individuals with advanced age are also at progressively increasing risk of acquiring 64 pneumonia (2, 3). Over the next two decades, the incidence of community-acquired 65 pneumonia is expected to double in the United States as the population ages (4). How 66 alterations in the mucosal immune system with age predispose to infections in the very 67 young and very old remains unclear as access to samples is limited. While many studies 68 have investigated how the immune system changes with age, most of these have been 69 conducted in blood, which poorly reflects the immune system at mucosal surfaces (5, 6) . 70 Nonetheless, studies from blood and secondary lymphoid tissues have revealed 71 alterations in cell numbers in blood of young children and reduced immunological memory 72 in children, while increased inflammation, immunosenescence and reduced naïve 73 memory pools have been described with advanced age (5, (7) (8) (9) (10) . Interestingly, mouse 74 models have suggested that the mucosal immune system might age more rapidly than 75 the systemic compartment (11) . 76 Streptococcus pneumoniae (Spn) is the most common bacterial cause of pneumonia, but 77 usually colonizes the nasopharynx in absence of disease, with colonization frequency 78 decreasing with age (12, 13) . Thus, a seeming paradox exists in individuals with advanced 79 age who are at increased risk of pneumococcal disease, but are rarely colonized. On the 80 other hand, children are frequently colonized and infected and are thus the main reservoir 81 for pneumococcal transmission. Mathematical modelling has suggested that the gradual 82 development of adaptive immunity leads to reduced colonization rates with advanced age 83 (14). Mouse models have suggested that Spn colonization is controlled by Th17 cells at 84 the nasal mucosa (15, 16) . Using an experimental human pneumococcal challenge 85 model, we recently demonstrated that Spn colonization control in healthy young adults 86 was associated with responses of nasal-resident granulocytes and monocyte recruitment 87 (17, 18) .
88
Here, we aimed to investigate whether immune cell composition at the nasal mucosa are 89 altered in young children and older adults compared to young adults, which could underlie 90 there differential susceptibility to respiratory tract infections. Therefore, we collected 91 minimally-invasive nasal microbiopsies from 207 individuals between 1 to 80 years old 92 and immunophenotyped immune cells using flow cytometry (19) . We also investigated 93 circulating innate immune cell function and phenotype and correlated these with mucosal Neutrophil phagocytic and oxidative capacities were measured using a whole blood 143 reporter bead assay (see Figure S4 in the SI Appendix) (22). In parallel, neutrophils were 144 immunophenotyped using a panel of ten maturation and activation markers (see Figure   145 S4 in the SI Appendix). Neutrophils of older adults displayed increased uptake and 146 oxidation, while no significant differences were present between neutrophils of children 147 and young adults ( Figure 2B ). The oxidative capacity of neutrophils positively correlated 148 with expression of the activation and maturation markers CD10, CD11b, CD11c and 149 CD66b ( Figure 2C ). In addition, neutrophil surface levels of CD10, CD11b and CD33, but 150 not CD11c and CD66b, were significantly increased in older adults compared to children 151 ( Figure 2D ). Blood neutrophils in young adults had increased expression of CD62L 152 compared to children and older adults and increased expression of CD15 and CD16 153 compared to children and older adults, respectively. To compare blood and mucosal 154 neutrophils, paired neutrophils were phenotyped for 13 individuals ( Figure 2E ). Nasal with Spn, but different in children colonized with Spn ( Figure 3A ). Levels of granulocyte-168 colony stimulating factor (G-CSF), IL-15, IL-6, CCL3, basic fibroblast growth factor (FGF-169 basic), IL-17A, IL-10, CCL5, TNF and IL-5 were significantly elevated in colonized children 170 compared to adults ( Figure 3B ). Among these, CCL3 and IL-6 showed a positive 171 association with pneumococcal load ( Figure 3C ). G-CSF was the only protein also increased in non-colonized children compared to adults. Interleukin-1 receptor antagonist 173 (IL-1RA) and IL-13 were decreased in both colonized and non-colonized children 174 compared to adults, while IL-7 was lower in only non-colonized children compared to 175 adults. There were no significant differences between colonized and non-colonized 176 children, but these groups showed a relatively large inter-individual variation compared to 177 adults. This is in accordance with previous findings that the gut microbiome shows greater 178 variation in young children than in adults (24). Subsequently, we assessed neutrophil 179 degranulation by measuring nasal levels of myeloperoxidase (MPO), which were 180 increased in both non-colonized (1.5x, p = 0.02) and colonized (4.6x, p = 0.0005) children (27), on blood neutrophils from children could 205 explain their limited numbers at the nasal mucosa. Nasal IL-8 levels, which is important 206 for neutrophil migration, were not different between adults and children. We did not, 207 however, investigate expression of chemokine receptors as CXCR1 and 2, the receptors 208 for IL-8, on circulating neutrophils and it cannot be excluded that differences in surface 209 expression of these markers exist between children and adults (28).
210
Despite having reduced numbers of nasal granulocytes, the granulocytes in children were 211 activated to a higher degree than in young adults, as shown by increased levels of CD66b with the exception of CD10 and CD33. This highlights that the study of immune cells in 217 the circulation potentially does not reflect the same cell type at mucosal sites.
218
Circulating neutrophil responses using the bead reporter assay were increased in older 219 adults compared to younger adults, in agreement with previous reports on neutrophils 220 from elderly individuals (29). Our observations also corroborate findings from mouse 221 models where aged neutrophils show an increased phagocytic capacity compared to non-222 aged neutrophils, which was associated with elevated expression of CD11b (27). In 223 contrast, previous studies have shown that the antibody-mediated opsonophagocytic 224 capacity of neutrophils is reduced in the elderly with reduced observed responses to 225 Staphylococcus aureus, but not Escherichia coli (30, 31) . 226 We observed that T cell levels were reduced in older adults, which was already apparent 227 around the age of 50, before the increased susceptibility to infections becomes apparent.
228
As tissue-resident memory T cells are crucial for protection against infections at mucosal 229 surfaces, this lack of mucosal T cells could provide an explanation for the increased 230 susceptibility to respiratory infections in the elderly (32). Although vaccine efficacy drops 231 with advanced age (33), the development of vaccines that increase tissue-resident 232 memory T cells might thus be particularly beneficial for the elderly. In that light it would be 233 interesting to further characterize these T cells at the mucosa to investigate which specific 234 cells are lost, although this would require access to large tissue samples such as biopsies. 
254
In addition, Spn colonization in children was not associated with increased levels of 255 monocytes, which are important for Spn clearance (17, 35) . Indeed, nasal CCL2 levels, 256 which mediates monocyte recruitment (17, 35), were not increased in colonized children.
257
Interestingly, blood monocytes from children showed an impaired production of CCL2 258 upon Spn stimulation. This was specific as production of TNF and IL-6 was not affected.
259
Previously it was shown that infant mice also have a limited monocyte recruitment 260 following Spn colonization, leading to an inability to clear Spn colonization, although this 261 was associated with microbiota-driven increased baseline CCL2 levels (36).
262
In contrast to our findings, in one previous study in which nasal aspirates were collected 263 in children with acute otitis media, upper respiratory infections or without infection, 264 recruitment of neutrophils to the nasopharynx correlated with Spn density (37). However, 265 the previous study used qPCR for the genes CD16, CD18 and CD62L on nasal aspirate 266 pellets to quantify neutrophils, which might not as accurately measure neutrophil counts 267 as flow cytometry, since qPCR reflects both the cellular composition and gene expression 268 levels of individual cells. Moreover, the previous study found increased neutrophil count 269 especially during otitis media, which also associated with increased Spn density, while we 270 studied immune composition in the absence of infection.
271
One previously postulated explanation for the increased susceptibility to Spn colonization 272 in children is an increased Treg/Th17 ratio in children compared to adults (38, 39) .
273
However, IL-17A levels were elevated in nasal fluid of colonized children ( Figure 3B) . In 274 addition, levels of nasal Tregs were not affected by colonization state and were lower in 275 children than in young adults ( Figure 4G ).
276
A limitation of this cross-sectional observational study was that we focused on three 277 groups: young children, young adults and older adults. Consequently, we have no older 278 children from 6-17 years and we also have few adults between 30-50 years. This makes 279 it hard to detect at which ages nasal immune profiles start shifting.
280
In conclusion, we observed severe and dynamic alterations in mucosal immunity with age, Cytokines were eluted from stored Nasosorption™ filters using 100µL of Luminex assay 318 buffer (ThermoFisher) by centrifugation, then the eluate was cleared by further 319 centrifugation at 16,000 x G, as described previously (17, 19) . Concentrations of 30 320 cytokines were measured using the 30-plex magnetic human Luminex cytokine kit (all 321 using lot ID 1805187A, ThermoFisher). Samples were measured on a LX200 (Luminex) 322 and analysed with xPonent3.1 software (Luminex) following manufacturer's instructions.
323
Samples were analysed in duplicates and analytes with a CV > 50% were excluded. Statistical analyses were performed using R software (version 3.5.1). Two-tailed statistical 332 tests were used throughout the study. Mann-Whitney tests were used to compare groups 333 and multiple correction testing (Benjamin-Hochberg) was applied for Luminex analysis.
334
Correlations were assessed using Pearson's correlation test using either raw or log-335 transformed values. Differences were considered significant at p < 0.05. 
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For one child no nasopharyngeal swab was collected and colonization was not assessed. 
